The requirements for the accuracy of both shape and dimension of sheet metal bending parts have continuously increased within the last ten years. At the same time, the batch sizes have tended to shrink more and more and finally left the manufacturers to deal with demands to produce good parts even for a batch size of "1". The air bending process is an excellent way to provide the flexibility needed for production under such conditions. This process enables the manufacture of a great variety of bend angles with just a single tool. However, the accuracy that can be achieved with air bending depends on a large number of influencing variables, like for instance springback and variations of material properties from batch to batch and even in the same batch. To improve the accuracy of the air bending process for thin and thick metal sheets at the Chair of Forming Technology (University of Dortmund), an optimised control system /13/ has been developed. The system uses the predictions of a semi-analytical process simulation /13/ for thin and thick metal sheets in combination with online measurements of the bend angle, the punch force, and the punch displacement to produce sheet metal parts within narrow tolerances even for such small batch sizes as "1".
• the thickness of metal sheets.
Likely causes for these disturbances are variations from batch to batch or even variations within single batches, inhomogeneity of the material, internal stresses, or ageing processes. In addition to these workpiece and material dependant disturbances other influences, as for example machine deflection or tool wear, have to be considered for optimal bending results. Compared to the relatively large number of disturbing factors only a small number of variables (usually punch position, die width, backgauge position, and crowning) is available for manipulation, which makes the control of the air bending process very difficult.
CONTROL STRATEGIES FOR AIR BENDING
To avoid the negative effect of the above mentioned disturbances on the bending process, within the last decade several strategies for automatic process control have been developed, all of which aim at an improvement of the accuracy of the air bent final part. The most common of these are:
• Deduction of material characteristics from parameters like e. g. punch force and punch position, which are easier to access by measurement than the bend angle, and use of the recorded data in combination with the results of a process simulation program to control the bending process.
• Direct (in-process)-measurement of the bend angle and use for compensation of occurring errors.
The first approach 15,11 has been further developed with modern tools borrowed from computer science as neural networks /11,27-29/ or fuzzy logic /26/. However, a major problem of these solutions is the complexity of the interrelationships between measured process data and material data.
In contrast to this, the realization of control systems using direct measurement /1-10, 12,15-25,30,31/ of the controlled variable (usually the bend angle) is comparatively easy and the approaches of this category promise a high degree of effectiveness. The first and straightforward strategy based on an in-process measurement of the bend angle would be to repeat loading and unloading cycles until the desired unloaded bend angle a 2 o has been reached. An advantage of this control strategy is that for the bending no further information about the workpiece (material data etc.) is needed. Nevertheless, to produce a part with the desired bend angle, a great number of incremental bending steps -interrupted by time-consuming unloading operations to measure the bend angle after springback -would be necessary, which makes this strategy unsuitable for use in modern industrial practice. Another possible and nowadays often realized control strategy is to overbend the sheet by the online measured amount of springback. However, especially for materials tending to high strain hardening rates, for which the springback grows considerably with increasing bend angle, approaches of this kind cannot be expected to lead to optimal results.
ONLINE CORRECTION OF THE BEND ANGLE BASED ON A SEMI-ANALYTICAL PROCESS SIMULATION
In order to keep production time to a minimum, a control algorithm /13/ has been developed that, based on a single partial unloading operation and the results of a semi-analytical process simulation /13/, yields satisfactory results for thin as well as thick metal sheets, asymmetrical workpieces, and even for materials tending to high strain hardening rates. The algorithm is comprised of the following steps ( Figure 1 ) and is based on the online-measurement of the bend angle, the bending force, and the punch displacement. In a first step, the sheet is bent to a command angle under load orlcl (measured value α1Μι) which is slightly smaller than the value of desired unloaded bend anglea2|> In the second step, the sheet is incrementally unloaded until a certain remaining bending force is reached. By avoiding the totally unloaded state a tilting of the sheet can be prevented. Moreover, since the time needed for the partial unloading operation depends directly on the remaining force, production time can be saved too: The less the remaining force, the more time is needed for the unloading operation.
The height of this force FM remaining after the partial unloading has to be taken into account for the calculation of the springback angle and the new command angle ar 1C 2 for the following (over-)bending step.
The actual value of the expected final springback is calculated by means of the semi-analytical process simulation SMBS (Sheet Metal Bending Simulation) /13/ for thin and thick metal sheets as follows: In contrast to the usual procedure, which consists of overbending by the amount of springback measured at an unloaded bend angle which is considerably lower than the desired one, the use of the results of the process simulation SMBS makes it possible to consider not only the real springback behavior but also the expectable change of the springback angle with increasing bend angle. This is important, because especially for materials with high strain hardening rates the springback angle grows considerably with rising bend angle.
The final step of the control cycle consists of bending the sheet to the calculated new loaded command angle a lC2 to deliver a bending part with the desired unloaded bend angle a 2D .
EXPERIMENTAL VERIFICATION
Experimental investigations /13/ were carried out to verify the effectiveness of the control strategy developed for the online-correction of the bend angle for thin and thick sheet metal parts. Three materials (X5CrNil810, AlMg3, and St37; thicknesses 2, 4, and 6 mm) that are in frequent use in industrial sheet metal forming were selected for these tests.
A fundamental pre-condition for the realization of the described control system is the detection of the bend angle directly within the bending process. For the air bending in V-dies, as discussed in this paper, a bend angle sensor based on a distance measurement (Figure 2 ) has been chosen. The basic advantages of this measurement principle in comparison to other solutions, as for instance an angle measurement with optical techniques /2, 3/ or digital image processing /8/, are the lower costs and the better robustness. (Δα), all of them saved to a file and stored on the hard disk of the additional control system. The electrohydraulic CNC press brake used for the investigations has an NC-control to adjust the two principle axes (Ύ|, V 2 ) for the punch displacement and X and R for the back gauge. The press brake has a maximum bending force of 1100 kN and the effective length is 3100 mm, although the width of the tool used has only been 200 mm. Figure 3 illustrates the control operations supervised by the additional control system (see Figure 2) which controls the incremental bending by means of a C++-program /13,31/. The bend angles, measured by means of a length gauge, and the punch force, measured with two piezo sensors, were recorded in a log file and plotted against the punch displacements, also measured with a length gauge.
In (A) the bending process begins. Shortly before the command bend angle ar K ι (in (B)) is reached, the additional control system takes over process control from the DNC of the press brake. From this moment on, the bending process is controlled by the bend angle instead of by the punch position. After having reached the loaded bend angle a XC \ in (B), the unloading procedure (B-C) is initiated and the springback angle ^«MI'U is measured (C). Within this step, the sheet will be unloaded until a certain remaining bending force F m is reached (C). With the partial unloading a tilting of the sheet (in case of heavy, unsymmetrical workpieces)
Vol. 15, No. 6, 2004 Online Process Control of Air Bending For Thin and Thick Sheet Metal can be avoided and in addition to that, compared to strategies based on a full unloading, production time can be saved. After the determination of the expected springback for the final unloading step, the new command angle ar 1C 2 for the subsequent overbending process (C-D-E) is calculated. an optimised process control system /13/ for the air bending of thin and thick sheets on press brakes in V-dies using a semi-analytical process simulation /13/ and an online-measurement of angle, force, and displacement
has been developed and successfully tested. The presented in-process control system allows a significant improvement of the bend angle accuracy for the investigated bending process. An important benefit, which can be derived from the use of the proposed control system, is that the in sheet metal bending often practiced, time-consuming, and therefore uneconomical bend trials per product can be eliminated. The system works well for thin as well as thick sheets, unsymmetrical workpieces, and materials with high strain hardening rates. The average deviation in the experimental investigations has been 0.4°.
